The adverse effects of local anesthetics (LAs) on wound healing at surgical sites have been suggested, and may be related to their cytotoxicity. This study was aimed to compare the cellular toxicity of bupivacaine and lidocaine (two well-known LAs), and to explore the molecular mechanism(s). Methods: Toxicity of bupivacaine and lidocaine was assessed in cultured mouse C2C12 myoblasts by cell viability and apoptosis assays. effects of LAs on extracellular signal-regulated kinase (erK) and protein kinase b (Akt) activation, which are essential for cell proliferation and survival, were evaluated by immunoblotting. Results: both LAs, especially bupivacaine, prevented cell growth and caused cell death in a dose-dependent manner. The half maximal inhibitory concentrations (IC 50 ) for bupivacaine and lidocaine were 0.49±0.04 and 3.37±0.53 mmol/L, respectively. When applied at the same dilutions of commercially available preparations, the apoptotic effect induced by bupivacaine was more severe than that of lidocaine in C2C12 cells. Furthermore, bupivacaine significantly diminished the ERK activation, which may underlie its anti-proliferative actions. both LAs suppressed Akt activation, which correlated with their effects on apoptosis. Conclusion: Our study demonstrated that, when used at the same dilutions from clinically relevant concentrations, bupivacaine is more cytotoxic than lidocaine in vitro. Anti-proliferation and cell death with concomitant apoptosis mediated by bupivacaine may offer an explanation for its adverse effects in vivo (eg slowing wound healing at the surgical sites). A less toxic, long-acting anesthetic may be needed.
Introduction
Local anesthetics (LAs) are widely used to prevent acute, intraoperative, postoperative, and chronic pain. Although LAs are generally accepted as being safe, neurotoxicity and myotoxicity remain considerable concerns. For example, bupivacaine is commonly used to reduce postoperative pain at port sites in patients who undergo laparoscopic surgery. Many patients require quite high doses to relieve their pain [1] . Clinical studies have shown that the efficacy of bupivacaine is limited and variable, and in some cases may even prevent or slow the wound healing at the surgical sites [2, 3] . To some extent, the adverse effects on wound healing may be related to the cytotoxicity, as limited studies have suggested that bupivacaine has considerable myotoxicity [4] [5] [6] [7] . Although LAs can induce necrotic cell death, apoptosis is believed to be a major cellular suicide mechanism [8, 9] . In addition, anti-proliferative effects of LAs on human cancer cells have been reported [10, 11] . Several studies suggest that the LA-induced neurotoxicity may involve mitogen-activated protein kinase (MAPK) and protein kinase B (Akt) signaling pathways [12] [13] [14] [15] . Compared to neurotoxicity, the molecular mechanisms by which the LAs induce myotoxicity remain poorly understood, although myotoxicity could have severe consequences in clinically relevant settings [16, 17] . We hypothesized that bupivacaine has cytotoxic effects via modulation of certain critical cellular signaling pathways. In this study, using mouse C2C12 myoblasts as a cell model Bupivacaine causes cytotoxicity in mouse C2C12 myoblast cells: involvement of ERK and Akt signaling pathways www.nature.com/aps Maurice JM et al Acta Pharmacologica Sinica npg system, we assessed the cellular effects of bupivacaine versus lidocaine using a series of cell-based assays and further determined the signaling pathways underlying such effects. Our results may help to design novel strategies aimed to decrease or to minimize the extent of the LA-mediated cytotoxicity.
Materials and methods
Cell culture and drug treatments C2C12 cells (ATCC, Manassas, VA) were routinely cultured in growth medium (GM) consisting of DMEM and 10% fetal bovine serum (FBS) (Mediatech, Manassas, VA) [18] . Bupivacaine and lidocaine (Sigma, St Louis, MO) were generally prepared as stocks of 0.5% (15.4 mmol/L) and 1% (34.6 mmol/L), respectively, in GM with pH adjusted to 7.4. The cells were pre-seeded at appropriate densities and grown overnight prior to drug treatments. Concentrations of bupivacaine and lidocaine used here were based on previous in vitro studies [19] [20] [21] [22] , and were also determined by pilot experiments. Lower, subclinical concentrations of both LAs were chosen since their usual clinical preparations (pharmaceutical parental solutions of 0.5% bupivacaine and 1% lidocaine) caused immediate cell death in C2C12 cells (data not shown).
Measurement of cell viability
Trypan blue exclusion assay Cells were pre-plated at 20 000 cells per well in 24-well plates so that they were ~30% confluent on d 0 when the drug treatments started. The cells were grown in GM in the absence (control) or presence of various concentrations (0.38, 0.51, and 0.77 mmol/L) of bupivacaine over a two-day period. Medium was changed and cells were photographed daily with an inverted microscope (Carl Zeiss, Gottingen, Germany). We chose 24 and 48 h time points based on previous in vitro studies of LAs [10, 13, 19] . After image acquisition, the cells were trypsinized and stained with trypan blue (Mediatech). Both viable (non-stained) and non-viable (blue) cells were counted using a hemacytometer.
MTT cell proliferation assay
Cells in triplicates (pre-plated at 4000 cells per well in 96-well plates) were grown in GM with or without bupivacaine or lidocaine (concentrations were specified in each experiment) for 24 h. The yellow tetrazolium MTT was taken up by the cells and then reduced to formazan by intracellular NAD(P) H-oxidoreductases. The formazan crystals were solubilized and quantified by spectrophotometry. Assays were performed using a MTT Cell Proliferation Kit (Cayman Chemical Co, Ann Arbor, MI) according to the manufacturer's instructions.
Apoptosis/cell death assays Apoptosis and necrosis were visualized and quantified using a modified Hoechst 33258 and propidium iodide (PI) double staining [23] . Cells were grown in GM with or without bupivacaine or lidocaine for 24 h. Hoechst 33258 (5 μg/mL) and PI (15 μg/mL) were then added simultaneously and incubated at 37 °C for an additional 15 min. At the end of the incubation, the cells were washed once with PBS and immediately photographed with a Zeiss inverted fluorescence microscope. Quantification of bright blue (apoptotic), PI-positive/red (late apoptotic and necrotic), and total cells was performed by randomly choosing five fields and counting at least 3000 cells per assay condition using the ImageJ software (developed by W RASBAND, NIH, Bethesda, MD). The cell death rate was expressed as the percentage of apoptotic or necrotic cells from the total cells.
Immunoblotting and densitometry C2C12 cells were grown in GM with or without bupivacaine or lidocaine for 24 h. The cells were harvested and lysed in lysis buffer (1% Triton X-100, 150 mmol/L NaCl, 10% glycerol, 50 mmol/L Tris-HCl (pH 8.0), 100 mmol/L NaF, 2 mmol/L EDTA) containing protease and phosphatase inhibitors [24] . Protein quantification, SDS-PAGE and immunoblotting were performed using our published methods [18] . Primary antibodies included anti-activated MAPK (recognizing the dually phosphorylated Thr183 and Tyr185 corresponding to the activated forms of ERK1 and 2) (Promega, Madison, WI) (1:4000), anti-ERK, anti-Akt and anti-phospho-Akt (Thr308) (Cell Signaling, Danvers, MA) (each at 1:1000), and anti-β-actin (Abcam, Cambridge, MA) (1:5000). Digital images were recorded with Kodak Multimodal Imager 4000MM (Carestream Health, Inc, New Haven, CT) and quantified densitometrically using Kodak Molecular Imaging Software (Version 4.0), as described previously [25] .
Statistical analysis and determination of IC 50
All statistical data were from multiple experiments or measurements and presented as mean±SEM. The significance of differences (P<0.05) was evaluated by one-way ANOVA followed by Bonferroni/Dunnett post hoc test, where appropriate. The half maximal inhibitory concentrations (IC 50 ) of the LAs were determined by non-linear least-squares fitting the data of MTT assays using the following equation: Normalized Cell Number=1/(1+[LA]/IC 50 ), with GraphPad Prism Software (Version 4.0) [26] .
Results
Bupivacaine causes cytotoxicity in a dose-dependent manner To evaluate the cytotoxic effects of bupivacaine, we first assessed cell viability using a well established muscle cell culture model system-mouse C2C12 myoblasts [18] . C2C12 cells were cultured in the absence (control) or presence of various concentrations of bupivacaine over a two-day period. As shown in Figure 1A , control cells grew vigorously and reached confluence on d 2. In contrast, the cell density in the presence of bupivacaine significantly declined in a dose-dependent manner. Notably, a substantial fraction of bupivacaine-treated cells died (cells rounded up and detached), which was mostly evident on d 2. Consistent with the morphological changes, cell growth slowed down and cell death accelerated with the gradual increase in bupivacaine concentration ( Figure 1B ). Such dose-dependent cytotoxicity was further confirmed by 
Bupivacaine induces apoptosis
We next sought to investigate the molecular mechanism(s) underlying this in vitro toxicity. Apoptosis has been suggested to be one of the mechanisms by which LAs induce cell death [9] . Here, we used Hoechst 33258 and PI double staining to assess apoptosis in C2C12 cells. As shown in Figure 3A , Hoechst stained all nuclei. The apoptotic nuclei exhibited as bright blue due to their nuclear condensation, whereas viable cells were dark blue. Late apoptotic and necrotic cells were stained by PI (red). C2C12 cells were grown in the absence or presence of Figure 3A , a, d, and g) and PI ( Figure 3A , b, e, and h). For total cell counting purpose, Hoechst staining images were converted to black and white ( Figure 3A , c, f, and i). As already observed (Figures 1  and 2 ), the total cell number in bupivacaine-treated group was significantly less than that in either control or lidocaine-treated group ( Figure 3A , f vs c and i). In the control cells, both apoptotic bright blue and necrotic cells were minimal ( Figure 3A , a and b). By contrast, substantial fractions of bupivacaine-or lidocaine-treated cells underwent apoptosis ( Figure 3A , d and g) and necrosis ( Figure 3A , e and h). Cell death percentages were calculated by normalizing the non-viable cells to the total cells and statistical results are displayed ( Figure 3B ). Based on these data, we concluded that bupivacaine caused more apoptosis and necrosis (including late apoptosis) than lidocaine did in C2C12 cells when both LAs were applied at the same dilution (1:20) from clinically relevant concentrations.
Bupivacaine inhibits proliferation via ERK pathway
Since cellular processes are tightly controlled by the "on and off" of cell signaling pathways, we reasoned that modulation of these pathways could potentially underlie the LA-induced cytotoxicity. It is widely believed that activation of MAPK pathways, in particular the extracellular signal-regulated kinase (ERK) 1 and 2 (p44 and p42 MAPKs), contributes to cell proliferation [27] . We previously showed that ERK activation is one of the prerequisites for continuous proliferation of the C2C12 myoblasts [18] . Here we examined the activation status of ERKs by immunoblotting with a specific anti-activated ERK antibody (pERK). In these assays, both bupivacaine and lidocaine were used at a series of concentrations [equivalent to 1:20, 1:30, and 1:40 dilutions from the stocks ( Figure 2B) ]. As expected, ERKs (mainly p42 MAPK) were robustly activated in control cells ( Figure 4A, top, lane 1) . Lidocaine did not apparently alter the ERK activation ( Figure 4A, top, lanes 2-4  vs 1) . However, bupivacaine markedly diminished the ERK activation in a dose-dependent manner ( Figure 4A , top, lanes 5-7 vs 1). The total ERK levels were similar under all conditions ( Figure 4A, bottom) . As 0.77 mmol/L (1:20 dilution) was the dosage at which bupivacaine had the most dramatic effect on the ERK activity ( Figure 4A, top, lane 5) , we performed densitometric analysis of the data obtained from multiple experiments (n=3) at this dilution ( Figure 4B ). Bupivacaine treatment reduced the pERK level to 33.8%±6.3% (P<0.01). In contrast, lidocaine used at the same dilution (1:20) did not significantly differ from the control (P=0.10). These results 
Bupivacaine induces apoptosis via Akt pathway
It is known that activation of Akt is critical for cell survival (anti-apoptosis) [28] . Here we assessed Akt activation by immunoblotting with an anti-activated Akt antibody (pAkt) in C2C12 cells under the same conditions as described in Figure  4 . Akt was robustly activated in the control cells ( Figure 5A , top, lane 7). In contrast, bupivacaine suppressed the Akt activation, which was dose-dependent ( Figure 5A, top, lanes 1-3) . Lidocaine seemed to inhibit the Akt activation only at a higher dose (1.73 mmol/L) ( Figure 5A, top, lane 4) . When we examined the total Akt levels by immunoblotting with an anti-total Akt antibody, we observed a slightly decreased level of total Akt proteins in either bupivacaine-or lidocaine-treated cells compared to the control ( Figure 5A, middle, lanes 1-6 vs 7) . To exclude the possibility of unequal protein loading, the same blot was reprobed with an anti-β-actin antibody ( Figure 5A , bottom). The results indicated an equal loading in each lane. Similar to Figure 4B , the degree of Akt activation induced by each treatment regimen (normalized to the total Akt level) was estimated densitometrically from multiple experiments (n=4) ( Figure 5B ). Compared to the control, bupivacaine and lidocaine (each used at 1:20 dilution) decreased the Akt activity to 27.4%±8.9% and 60.4%±5.1%, respectively. Importantly, bupivacaine was much more potent than lidocaine (approx 2-fold difference, P<0.05). This largely correlated with the degree of apoptosis under the same conditions (compare Figure 5B with Figure 3B ). Taken together, our data suggest that both bupivacaine and lidocaine caused C2C12 cell apoptosis, at least in part, via inhibiting the Akt activation, and bupivacaine was more toxic than lidocaine in our experimental setting.
Discussion
The use of bupivacaine and lidocaine in clinical practice is commonplace. The active duration of lidocaine is approximately one half that of bupivacaine, and thus bupivacaine is considered a long-acting LA [29] . LAs exhibit variable propensities to induce different cellular damage. For example, both in vitro and in vivo studies have suggested that bupivacaine is less neurotoxic than lidocaine [30, 31] . Several recent studies revealed that LAs might cause irreversible damage on articular chondrocytes in established experimental models, which may contribute to cartilage degeneration, and lidocaine and especially bupivacaine exhibit profound chrondrotoxic effects [21, 22, [32] [33] [34] . In contrast, the myotoxic effects of LAs and their clinical consequences have been less studied despite their controversial nature. In one comparison study, the conclusions were that all LAs examined were myotoxic, the extent of muscle damage was dose-dependent and worsened with serial or continuous administration, and that bupivacaine caused the most severe muscle injury [4] . Studies on both acute and longterm myotoxic effects of LAs after continuous peripheral nerve blocks in a clinically relevant setting reaffirmed bupivacaine's exceptional rate of myotoxicity [6, 7] . Excessively increased intracellular [Ca 2+ ] level due to an alteration of Ca 2+ homeostasis has been suggested as a cause of bupivacaine-induced muscle cell death [35] , perhaps mediated by mitochondria [36] . However, detailed molecular mechanisms, especially the signaling pathways, by which the LAs exert their cytotoxicities remain to be explored.
In this study, we used a well-established myoblast cell line (C2C12) to demonstrate the direct cytotoxic effects of bupivacaine and, more importantly, to uncover plausible signaling pathways by which bupivacaine causes myotoxicity. We demonstrated that bupivacaine significantly prevented myoblast cell growth and caused cell death in a dose-dependent manner. Apoptosis is an essential cellular process for cell integrity in development and survival. It is also triggered by non-physiological stimulation or insult, leading to pathological conditions. Although apoptosis has been considered as a major mechanism of the LA-induced cell death, especially in the case of neurotoxicity, LAs also lead to necrotic cell death [8, 9, 37] . Our results indicated that both apoptosis and necrosis occurred when C2C12 cells were exposed to bupivacaine or lidocaine; however, bupivacaine was more potent than lidocaine when compared at the same dilution (1:20) from clinically relevant concentrations. In exploring the signaling mechanism, we focused on Akt, as it is a well-acknowledged critical signaling node within the cells under both physiological and pathological conditions and it plays a pivotal role in cell survival [28] . We found that Akt activation was decreased in the C2C12 cells cultured in the presence of either bupivacaine or lidocaine. Such inhibition of Akt pathway explains why myoblasts underwent apoptosis upon exposure to bupivacaine or lidocaine, causing massive cell death. Indeed, a negative correlation between the levels of Akt activation and degrees of apoptosis was noted in our current study, which supports the notion that LAs and in particular bupivacaine induce apoptosis via regulation of the Akt pathway. However, we cannot completely rule out that other signaling pathway(s) may also contribute to the LAinduced myotoxicity. It has been shown that both p38 MAPK and c-Jun N-terminal kinase (JNK) pathways are involved in bupivacaine-induced neurotoxicity [13] . In rat hippocampal slices, application of millimolar concentrations of lidocaine, but not bupivacaine, resulted in elevated expression of cleaved caspase 3, the primary executioner of apoptosis [38] . Active oxidative metabolism involving mitochondrial dysfunction and alterations of Ca 2+ homeostasis has been also suggested in bupivacaine-induced myotoxicity [36] . These findings raise an interesting possibility that some, if not all, of these pathways could modulate specific LA-induced myotoxicity independently or collaboratively. The other possibility is that different LAs could utilize distinct pathways for myotoxicity and neurotoxicity. Further investigations are needed to address these issues. MAPK signaling pathways are perhaps among the most wide-spread mechanisms of eukaryotic cell regulation. Multiple MAPK signaling cascades can be activated by a variety of stimuli, allowing the cells to respond coordinately to multiple and divergent inputs [27] . The ERK pathway has been believed to be a central regulator of cell proliferation by controlling cell growth and cell cycle progression [27, 39] . In the muscle cell model system (C2C12), we previously reported that activation of ERKs is one of the prerequisites for continuous myoblast cell growth [18] . Here we demonstrated that bupivacaine substantially inhibited the ERK activation in these cells, whereas lidocaine had minimal impact on this mitogenic pathway. This may be one of the molecular mechanisms by which bupivacaine, but not lidocaine, prevented cell growth in vitro. Notably, at a much higher dose (3.46 mmol/L), lidocaine significantly reduced the total cell numbers (data not shown, also see Figure 2A ). This could be a result of cell death induced by this LA, as discussed above. Nevertheless, the differential effects between bupivacaine and lidocaine on cell proliferation raise at least two fundamental questions: What is the molecular basis for these differential actions of LAs? How does bupivacaine inhibit the ERK pathway? A recent study revealed that, in rat spinal cord slices, bupivacaine inhibited the ERK activation resulting from different modes of Ca 2+ influx through the cell plasma membrane. This represents a postsynaptic mechanism of analgesia that occurs in parallel with impulse inhibition during neuraxial blockade [40] . Whether there exists a similar mechanism in the skeletal muscle cell system remains to be addressed.
Limited clinical studies have suggested that bupivacaine may prevent or slow wound healing at surgical sites [2, 3] . Our study provides direct supportive evidence that both bupivacaine and lidocaine had myotoxic effects in a myoblast cell culture system. When addressing the differences in cellular effects of the two LAs, bupivacaine was significantly more toxic and, in particular, had a more potent anti-proliferative effect than lidocaine. In this regard, the adverse effect (antiproliferation) itself could turn into advantages in some cases, ie inhibiting cancer cell growth as previously reported [10, 11] . Although in vitro results obtained here may not exactly mimic the in vivo scenarios, our data at least offer an explanation for bupivacaine's adverse effects on wound healing at surgical sites. It is important to realize that the current study was performed with the utilization of cultured animal cells. The experiment has its limitations, and thus the results may differ from those observed in humans. In vivo and clinical studies would be expected to determine the correlations in the future. However, clinical assessment tools are limited, and currently no effective diagnostic method exists to assess the in vivo cell viability. More often the myotoxicity may not be detected www.chinaphar.com Maurice JM et al Acta Pharmacologica Sinica npg until muscle damage or degeneration or other adverse outcomes actually occur in patients. To this end, the in vitro studies have provided useful information, and will assist us with the design of more complex studies using animal models and clinical studies in humans.
Bupivacaine is known to have toxic effects on the nervous and cardiovascular systems as well as articular cartilage and skeletal muscle [17] . Thus, the efficacy of LAs may be affected by their toxicities. For example, bupivacaine injected at laparoscopic port sites shows variable effects [1] [2] [3] . The myotoxicity of bupivacaine demonstrated in this study could contribute to a decreased anesthetic effect and/or slowed wound healing at the surgical sites. It is noteworthy that N-acetylcysteine (NAC), an antioxidant and a precursor of glutathione, can increase cell viability and growth under normal or bupivacaine-treated conditions in cultured rat myoblast L6 cells via modulation of the ERK pathway [41] . Thus, combination of a LA with a cellular protective substance may provide another avenue for future studies, which could offer the LA with a better toxicity profile.
